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ABSTRACT

Using the Canada-France-llawaii Telecope (CFHT) we have obtained three closely

spaced epochs of calibrated BVRICCD imaging of two fields inM81, cach known to contain

a thirty-day Cepheid. Under the assumption thatthe two Cepheids are representative, the
multi-wavelength BVRI period-luminosity moduli show evidence for only a slight reddening,

E(B V) ~ 0.03 — 0.04 msg. The Cepheid-derived true distance modulus to M81 is determined to
be (m — M). = 27.75 mag, corresponding to a lincar distance of 3.5 Mpc. An error analysis shows
that the derived distance modulus has arandom crror of 4:0.28 mag (due to the photo jpetric
uncertainties in the BVRIdata) and a systematic uncertainty of 0.1 () mag (due to the combined
effects of unknown phasing and the unknown positioning of these starswithinthe Cepheid

instability strip. )

Calibrated BVRIphotometry of the brightest starsinthesesame Cepheid fields is also
presented. The position of the blue plume in the €0lor-1nagnitude diagrams of the surrounding,
M81field population indicate a general field reddening, in the range 1B - V)~ 0.05-0.11 mag.
Theslope of the luminosity function fromthebrightest 3-4 mag of the blueP lume is consistent
with similar determinations of the apparent luminosity function in other resolved galaxies,
thereby removing the one potential deviation from universality noted by Freedman ((Apd, 299,

74, 1985) in her photographic study of luminosity functionsin*¢@yhy resolved galaxies.

Subject headings: galaxies: individual (M81 ) galaxies: distances  stars: Cepheids
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L. INTRODUCTION

The spiral galaxy M81 continues to be important calibrator for anumber of secondary
methods used in the extragalactic distance scale (see Freedmanand M adore 1992 and references
therein for arccent overview). And the discovery of SN 1993Jinthat galaxy (Ripero 1993) only
heightens the interest in independently knowing this galaxy’s true distance modulus. Finally,
in anticipation of the complementary Cepheid observations being made by the Hubble Space
Telescope (11ST), we present the following multi-wavelength analysis of our remaining, calibrated
ground-based data on two of the known Cepheids in M81 and the surrounding resolved stellar

populations.

Inthe mid 1980's we began a program at the CFIT aimed at monitoring fieldsin the
galaxies M81 and MIO1, with the intention of discovering new Cepheidvariables in these
systems, and a the same time determining time-averaged magnitudesandmulti-wavelength
colors a least for the two known 30-day Cepheidsin M8I(Sandage, private communication ).
Such observations were designed to better define the reddenings to t hese variables and thereby
provide more accurate distances to the gaaxies as a whole. in the first season, data were
obtained in four bandpasses onthree consecutive nights. Butsubsequent seasons were not
awarded time. Accordingly, wewere left with a small and incomplete data set which was neither
sufficient for the purposes of discovering new Cepheidsnor extensive enough to unequivocally
define mean properties of theknownones. It was our hope to supplement these observations over

the years at other telescopes, but unfortunately the weather has notbeen kind to this project.
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Nevertheless, the present ghservations do contain information (calibrated shorter wavelength
optical magnitudes and colors) that go wellbeyond the single-epoch I-band data points that we
published some years ago (Freedman aud Madore1988). ‘1'here wc presented the first evidence
that M81is in fact at a distance of approximately 3.3 Mpc ((m — M) = 27.6 mag). This is much
smaller than the apparent B modulus of 28.8 mag being advocatedatlthat time by Sandage
(1984); but it is very similar to the distance of its ncarby neighbor NGC 2403, for which wc also
published, in that same study, a statistically more secure I-band Cepheid distance of 3.2 Mpc

((m — M) = 27,5 mag), based on 8 Cepheids.

II. OBSERVATIONS ANI) DATA REDUCTION

When we first embarkedon this project, finder chartsand periods for the two 30-day
Cepheids in M81 were very kindly supplied to one of us (W LI") by Allan Sandage. The
identifications of those fields surrounding the Cepheids arc giveninligure 1. BVRI CC]) frames,
obtained at the CI'1I'T on three consecutive nightsin **198%, were reduced in the same! manner
as described in Wilson, Ireedman and Madore (1990), being tied to the standard Kron-Cousins
system using Landolt (. 983) photoclectric Standards for the extinction and transformation

equations.

The Cepheid data for variables V2 and V30 aregivenin ‘Jable 1; and photometry for the
scveral hundred of thebrightest stars inecach of tile two Cepheidficldsare givenin Tables 2 and
3. Thelatter observations have provento be especially importantintying down the absolute
calibration of our 11 S'1' Widel~icld Camera obscrvations of anover-lapping Cepheid search field
in this galaxy. The data are presented here inanticipation andin aid of thatmore extensive
scarch for Cepheids in M81 using 11 ST (Freedman et af. 1994 ). and as a follow-up to the single

wavelength study of Ireedmans & Madore ( 198 S).
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111. THE MULTI-WAVELENGTHPERIOD-LUMINOSITY RELATIONS

Given only three closely spaced BVRIobservations of just two Cepheids is there any point in
attempting to derive a true distance modulus to M81 ?Inthe following we will show that even
with only two Cepheidsin the sample aquantitative (systematic and random) error analysis

shows that the results arc robust and precise at the 1 0-percent level in distance.

Case A W c begin here by considering the case where the two Cepheids arc representative
of the mean; that is, (1 ) theintensity-averaged magnitudes of the three observed data points per
star arerepresentative of the true meanmagnitudes of the Cepheids, and (2)the average of the

two Cepheids’ mean magnitudes is inturnclose to the central ridge line of the instability strip.

Under these assumptions the resulting apparentmoduliare(m - M )H:27.88,(ﬁ1 - M)y=
27.96, (m - M)g = (m =M= 27.94 mag. They were derived by minimizing the residuals
between the fiducial LMC long- period Cepheid data set described in Madore and IFreedmnan
(1 990) using BEMG = 0.17 mag and « - M)LMC = 18,50 mag. The apparent moduli, plotted
as a function of inverse wavelength,are shown inligurel. Because the datapoints at each of
the four wavelengths arc for the same Cepheids, the data points are strongly correlated (through
their effective temperatures and through their reddenings). The solid line is a standard Galactic

extinction law (Cardelli ¢f «/.1989) scaled and fitted to thatcorrelation: the scaling gives

M8 = 0.035 mag, and the interceptat 1/A = 0,0 gives (m — M) = 27.75 mag,.
«) Systematic Error A nalysis

To asscss the systematic crrors that might result from the aforementionedset of default
assumplions we now examine some ext reme cases involving maximunt deviations away from mean

light and maximum displacement fromthe ridge line of t he period-luminosity ( I'1, ) relation,

Both the width of theinstability strip and the Juminosity amplitudes of Cepheids decrease
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with increasing wavelength. Scaling relations for these quantities as a function of wavelength are
well known (see Madore and IFreedman 1991 for the latest absolute width for the instability strip
at a variety of wavelengths, and sec I'rcedman1988 for a calibration of the amplitude ratios).
For instance, in the blue, the full width of thieperiod-luminosity relation is about 1.50 mag
(Madore and Freedman 1991), such that a star residing on thered(blue) edge of the instability
strip would appear 0.75 mag fainter (brighter) thantheridge-line mean. ln addition, given
a3 amplitude of 1.2 mag for a typical Cepheid, that samered-edge (hluc-edge) star canbe
yet another 0.6 mag fainter (brighter) than the ridge line if observed at minimum (maximum)
light. The total apparent modulus error in B could thenbe 1.:35 mag, or about a factor of two
in derived distance, if no corrections for reddening were applied. Scaling these Bmagnitude
examples to the remaining thrce wavelengths and examining a few extreme combinations we

present three additional interpretations of the M81 data in deriving reddenings and true moduli:

Case 13 At mean light the two Cepheidsintrinsically reside on the central ridge line of tile
PL relation, but the stars arc bothcoincidentally sewn at maximumlight. To acconmodate this
possibility semi-amplitude off-sets of 0.60, 0.40, 0.26 and ().’20 mag were applied to the BVRI
data points respectively, and the fitting procedure re-applied. Interpreting the residuals resulting

as being due solely to reddening gives (in—M)g= 27.60 mag, withI(B3 - V)= 0.22 msg.

Case C Here wc assume that the average of the Cepheid data pointsare observed near their
mean magnitudes, but now the two stars reside intrinsically ontheblue side of the instability

strip. Half-strip-width off-sets of 0.72, 0.54, 0.44 and 0.36 mag respectively, were applied to the
BVRI data points to simulate the effect of this assumption. Fitting theresulting residuals to a

reddening law gives (m — M)y = 27.81 mag, with 5(BB - V) = 0.20 mag.

case B+ C In this most extreme case tile two Cepheids intrinsically reside on the blue side

of the 1’1, relation, and they are bothsimultancously passing through maximum light. Combined
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amplitude andstrip position ofr-sets as given above (1 .32, 0.94, 0.70 and 0.56 mag, respectively)
were adopted. The resulting distance modulus and reddening fit gives (m — M). = 27.62 mag and
E(B - V) = 0.38 mag, required to make the stars appear to be unreddencd as they do inFigure *

when treated as in Case A,

For the presently available M81 data, the derived apparent Bmoduli, under the various (and
extreme) assumptions given above, range from 27.88 mag (assuming the starsareatthe mean
in all respects) to 29.20 mag (if it is assumed that the stars arc maximally bright). But almost
the full impact of these effectson the apparent distance moduliare compensate.d for by the
methodology employed in accounting for reddening and deriving a true modulus. This is because
of the closely parallel (almost degenerate) tracking of Ceplicid colors with effective temperature
and with reddening. Correcting for any one effect simultancously tends to corrects for the others.
This is graphically demonstratedin¥igure*, where the resulting fits for the four cases discussed
above arc shown assuming that only reddening is causing the deviations, but it nevertheless
corrects for amplitude and/or strip positioning. While the apparent moduli are very different, the
scatter in the derived true modulus is a factor of six sinallerthantheBB-band solutions, having a

total range of only 0.2 mag.

With the total range quoted abovecquated to a two-sigma cestimator of the errorin tile true
modulus, as induced by systematic errors (inthe strip position and phasing assumptions) then
wc conclude that a single Cepheid (with ana priori know iy period) observed at one phase, in at
least two, well separated wavelengths cangive atrue distance modulus good to 4:0.1 msg. Such
ancrror will scale down further with <hi, where for smallsamples, N can be cither the number

of Cepheids or the number of randomly chosen observations of a given Cepheid.

b) Random Photomcetric Error Propagation
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Having considered several potential sources of systematic error the following analysis
indicates that the dominant source of uncertainty in deriving a truc distance modulus to M8]

is the photometric accuracy of the data point themseclves.

To assess the numerical importance of these (random)ecrrors on the derived true distance
modulus wc performed the following test using the data at hand: lorecachset of simultaneous
BVRI observations of cach star (i. e, BVRI photometry onthree nights of two stars = six
sets in all) wc independently determined reddening/distance modulus solutions using the
multi-wavelength fitting procedure. T'he average of the six true modulidetermined in this way

is (m — M) = 27.76 40.28 mag, with an average reddening of 1(B — V) = 0.05 40.07 mag.

A comparison of thisrandom-photometric-error-induced uncertainty withthe systematic
error analysis indicates that in this specific case of the M81Cepheid observations, the
photometry itself is still limiting the precision of the solution, not the small number of Cepheids.
A factor of three improvement intherandomerror associated with thederivedtrue distance
modulus could have been obtainedby our having acquiring better photometry onthetwoknown
Cepheids before the systematic eflects of strip positioning and phasing would have beenof
comparable concern. Theinteresting result to cinerge is that the sample size is not as big a
limiting factor as one might naively assume. The behavior of Cepheids in phase and within the
instability strip is such that in correcting for reddening using our multi-wavelength methodology
we implicitly account for a major portion of those potentially large systematic errors occurring at

the individual (uncorrected) wavelengths.
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IV. THE COLOR-MAGNITUDE DIAGRAM AND TOTAIL REDDENING

As noted in a recent paper (Madore and IFreedian 1992), with the use of only asingle
(but deep) color-magnitude diagram it is possible to estimate a total average extinction to
extragalactic systems using the color shift of the blue plume of stars defining the upper main
sequence within the galaxy itself. Wc have done this independently for each of the two Cepheid
fields. Restricting our attention to stars with 20.0< V < 22.5 mag (to obtain a sufliciently large
sample of stars with moderately small measurement errors) and (B3 — V) < 0.7 ma. g (to eliminate
highly evolved objects) wc estimated thecenterline of the blue plume to be (B -- V)= 0.14 3 0.03
msg. for the the V30 field, and (B — V) = 0.05 4 0.01 mag for the V2 field, with 43 and 64
stars contributing to the solutions espectively. Using the intrinsic. color of the blue plumeinlC
1613 (sce Freedman 1988, where (1 — V). = -0.25 mag) as fiducial, wc then derive reddenings
of IX(B — V) = 0.39 and 0.30 mag for the V30 and V2 ficlds, respectively. These values arc not
unlike those derived by Zickgraph & Humphreys (1991 ) in their photographic study of the bright
star population of M81; nevertheless these are large-scale averages, and given the patchy nature
of dust lanes, these ensemble averages, quoted above, should be treated with care, as they may or

may not be applicable to any given object or other classes of objectsin the same galaxy.

V. I, UMINOSITY FUNCTIONS

A's afinal note, wc present here tile luminosity functions for the main-sequence population of
stars inthe two Cepheid fields in M81. Inher study of the luminosity functions of the brightest
blue stars in nearby galaxies Freedman (1985)noted that only one galaxy deviated significantly
intheslope of its luminosity function; that galaxy was M81 . However, inthe case of M81 the
limiting magnitude of the photographic survey was rather shallow, and that was the galaxy for
which the photometric calibration was the least secure. Althoughmorelimitedin areal coverage,

the CCD data presented in this paper go deeper, and do represent a step forward in photometric
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accuracy over the original photographic study.

Following the precepts of Freedman ( 19S5) the blue plume stars were selected by ared color
cut-off designed to compensate for the average line-of-sigllt reddening, eliminate foreground
stars in our galaxy, and exclude highly evolved stars in the: parent galaxy, without significantly
depleting the numbers of stars making up any given magnitude bin down the main sequence.
The results are shown for each of the two CepheidfieldsinFigure *. The data for the V2 field
arc off-set from the V30 data by 1.5 in log N, where the last binsinboth cases have about 100
stars contributing to them. The solid lines arc not formal fits to the data but rather lines of
slope 0.67 as found to be generally applicable to other nearby galaxy bright-star luminosity
functions. As canbe seen theselines do represent the new data sufficiently well that there is now
no rcason to believe that M81harbors a population of stars anomalous in this mass function at

the bright end.Similar conclusions have beenreached by Zickgraf & Humphreys (1 991).
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VI. CONCLUSIONS

Based on BVRI data acquired for two thirty-day Cepheidsin M81 arobust estimate of the
true distance modulus to this galaxy has beendetermined to be27.75 msg. Systematic errors
duc to random phase and incomplete filling of the instability strip account for less than 0.1 mag
of uncertainty. Photometric errors, assessed from independently processing repcat observations
of the same stars on consecutive nights, to derive independent distance modulus solutions arc the

dominant source of random error, amounting to40.28 mag (i.e, 14% in distance).

The main sequence luminosity functions in each of the two Cepheidfields of M81 arc found
to be consistent with the universal slope of Alog N/AV = 0.67 found for the brightest stars in

the blue plume of other nearby galaxies, analyzed inasclf-consistent manner.
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Figure Caption

Fig. 1 - A reproduction of a platecof MS] take attheprime focus of the CFIIT. The areas
marked correspond tothe regions over which stellar photometry was obtained on the CC])
frames shown in detail in Figures 2 and 3. North is at the top, cast to the left. The CCD frame

as marked is 2,1 by 3.4 arcmin.

Fig. 2- A reproduction of the V-band CCID frame centeredon V2 in M81, showing the

identifications of the dozen or so brightest stars identified by theirnumbers in ‘Jable *,

Fig. 3 — A reproduction of the V-band CC]) frame centeredon V30inM81, showing the

identifications of the dozen or so brightest stars identified by their numbers in Table *.

Fig. 4 — BVRIlapparent distance moduli to M81 plotted as a function of inverse wavelength.
The error bars arc in tile ratio of the intrinsic widths of the 1'1, relations at that wavelength. The
dashed line is chi-squared minimization fit of a Galactic extinctionlaw to the data, corresponding
to a reddening of IX(B — V) =0.**mag, giving atrue distance modulus for M81 of 27.77 mag

from the long wavelength intercept.

Fig. 5-- A schematic showing the worst-possible cascscenariothatwouldhave to obtainin
order for the two Cepheids observed in M81 to be maximally reddened and yet still give rise to

a flat (apparently unreddened)multiwavelength modulus solution.

Fig, 6 - Thecolor-magnitude diagram for the stars inthe V2 Pield of M&81 as givenin ‘J able
*. The vertical line shows the position of the blue plume shiftedby (B — V)= 0.39 mag so
as to fit the M81 data. Theindividual data points y;¢ plotedasbivariate, grey-scale, gaussian
distribution functions, so as to explicitly show the error ellipse associated with cach star's
magnitude and coior. The degree to which tile errorellipses arc tipped is a function of the

relative contribution of the BandV errors to the color.
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Fig. 7- The color- magnitude diagram for the stars inthe V301icld of M81 as givenin ‘J able *.
The vertical line shows the position of theblue plume shifted by IX(B - V) = 0.30 mag so asto fit

the M81 data.

Fig. 8- ‘The logarithmic luminosity function for the blue stars in two fields in M81 ( V2

(B - V) €0.8 mag; V30: (B - V) <0.**mag). The solid line has a slope of 0.67, equal to
that found by Freedman (1985) to be representative of luminosity functions for a sample of 10
ncarby galaxies. The V2 data arc offset downward by1.5inlog N with respect to the V30 data,

for which the vertical scale is correct..







]

iy

M81 V2 FIELD




M81 V30 FIELD

8l




. ™M81

0
B

00
N

N
N

1.5

0.5



¥l A4 ol 8

N boj

\ NOLLONNA ALISONINNT | 8W




